Domestic chicks bilaterally or unilaterally lesioned to the hippocampus were trained to search for food hidden beneath sawdust by ground-scratching in the centre of a large enclosure, the correct position of food being indicated by a local landmark in the absence of any extra-enclosure visual cues. At test, the landmark was removed or displaced at a distance from its original position. Results showed that sham-operated chicks and chicks with a lesion of the left hippocampus searched in the centre, relying on large-scale geometric information provided by the enclosure, whereas chicks with a lesion of either the right hippocampus or both hippocampi were completely disoriented (landmark removed) or searched close to the landmark shifted from the centre (landmark displaced). These results indicate that encoding of geometric features of an enclosure occurs in the right hippocampus even when local information provided by a landmark would suffice to localize the goal; encoding based on local information, in contrast, seems to occur outside the hippocampus. These findings provide evidence that the left and right avian hippocampi play different roles in spatial cognition, a phenomenon which had been documented previously only for the human hippocampus.
Introduction
The avian hippocampal formation, which includes the hippocampus and parahippocampus subdivisions (Karten & Hodos, 1967) , is believed to be homologous to the mammalian hippocampus because of similarities in development (Källén, 1962) , connectivity (Casini et al., 1986) and neurotransmitters Krebs et al., 1991) . Although substantial differences do exist between the mammalian and avian hippocampal structures (see, e.g. Macphail, 1993) , there is evidence indicating that both participate in spatial cognition (birds: Sherry & Vaccarino, 1989; Strasser & Bingman, 1997; mammals: Morris et al., 1982; Eichenbaum et al., 1994) .
The role of avian hippocampal formation has been studied in particular in homing pigeons (Bingman et al., 1995; Gagliardo et al., 1999) and food-storing birds (Sherry & Vaccarino, 1989; Clayton, 1998) . Although the domestic chick (Gallus gallus) is widely used as a model for memory studies (e.g. imprinting : Horn, 1998 ; one-trial passive avoidance learning: Rose, 2000 ; stages in memory formation: Andrew, 1997 ; see also Andrew, 1991; Rogers, 1993 Rogers, , 1995 , the role of the hippocampus in spatial cognition has hitherto remained completely unexplored. This is in spite of the fact that the chick shows remarkable spatial learning abilities, relying on both distant and nearby cues to find food (Rashid & Andrew, 1989; Regolin et al., 1994) as well as on the metric configuration of distances between surfaces in the environment (Vallortigara et al., 1990; Tommasi et al., 1997; .
Besides its use as a model system to study the neurobiology of learning and memory, the domestic chick is probably the most used bird species for studies of cerebral lateralization of function (Andrew, 1991; Vallortigara & Andrew, 1991; Vallortigara, 1992; Vallortigara & Andrew, 1994; Rogers, 1991 Rogers, , 1996 Vallortigara et al., 1999a; Vallortigara et al., 1999b) . Taking advantage of the complete decussation at the optic chiasma, combined with independent scanning by the two eyes (Andrew, 1991; Güntürkün, 1997) , lateralization of function has been studied mostly using the technique of temporary eye occlusion, which largely confines processing of visual information to the hemisphere contralateral to the stimulated eye (but see Deng & Rogers, 1998a; Deng & Rogers, 1998b) . Such studies have demonstrated that chicks are better at topographical learning when using their left eye (right hemisphere) than when they are using their right eye (left hemisphere) (Rashid & Andrew, 1989; Tommasi & Vallortigara, 2001) . Moreover, left-eyed chicks make greater use of positional cues, whereas right-eyed chicks make greater use of colour cues in simultaneous visual discrimination tasks (Vallortigara et al., 1996; and in working memory tasks (Vallortigara, 2000) . However, all these studies did not explicitly attempt to identify what particular brain structures (e.g. the hippocampus) may be important. The aim of this study was to investigate the role of the hippocampal formation in spatial cognition in the chick. Bilaterally and unilaterally lesioned chicks were trained binocularly in a square-shaped enclosure in the presence of a visually conspicuous central landmark; some chicks were subsequently tested in the absence of the landmark, whereas others were tested in the presence of a shifted landmark.
Materials and methods

Experimental subjects
The experiments in this study were performed in accordance with the 'Principles of Animal Care', publication no. 86-23, revised 1985 of the National Institute of Health and also with current Italian laws. The subjects were 59 male chicks of the Hybro strain (a local variety derived from the White Leghorn breed) obtained from a commercial hatchery (Incubatoio 'La Pellegrina', Ponte di Castegnero, Vicenza, Italy) when they were only a few hours old. Chicks were reared individually, in a controlled temperature (30-35 8C) in metal cages (35 cm wide Â 35 cm deep Â 38 cm high) illuminated from above by fluorescent lamps. Food and water were available ad libitum.
Surgery
At 3 days old, the chicks underwent surgery. Before operation, muscular relaxation was induced by intraperitoneal injection of xylazine (4 mg/g of body mass) followed 10 min later by deep anaesthesia induced by ketamine (10 mg/g of body mass). Anaesthetized chicks were then placed in a stereotaxic apparatus (Kopf 1 , Tujunga, CA, USA) and a portion of the soft unossified skull was removed. The hippocampal formation was identified according to the coordinates provided by atlases of the chick at 3 days old (Youngren & Phillips, 1978; Kuenzel & Masson, 1988) : as the hippocampus and parahippocampal formation are dorsal structures in avian species, the lesions could be performed easily by suction, under a surgical microscope. Fifteen chicks were used as sham control group (they received the same treatment as the operated chicks but no suction was performed), 14 chicks were operated bilaterally (BIL), 15 chicks were operated unilaterally in the left hippocampus (LH) and 15 chicks were operated unilaterally in the right hippocampus (RH).
On day 17, chicks were killed with an overdose of 20% chloral hydrate and perfused intracardially with 10% formaline. The brains were removed and 25-mm sections were cut and stained with Cresyl violet. With the aid of a microprojector, the lesions were reconstructed on atlases of the chick's brain (Kuenzel & Masson, 1988; Youngren & Phillips, 1978) .
Apparatus
A large square-shaped enclosure (side 140 cm) was used (Fig. 1) . It was made of wooden walls (40 cm high) uniformly painted white. The floor of the enclosure was covered with sawdust (5 cm in depth) and a one-way screen which covered the top of the enclosure prevented chicks from seeing outside while at the same time allowing videorecording of the inside of the enclosure. The enclosure was illuminated by four light bulbs (25 W), located all along the top of each wall (in Fig. 1 the bulbs are depicted as located in the corners, but the position of the bulbs was actually changed at random from trial to trial throughout the experimental sessions). A rectangular plastic box (5 cm Â 10 cm Â 2 cm) containing grains of food was placed in the central position on the floor of the enclosure. The box had a small hole on its upper side (2 cm Â 2 cm) through which food could be reached. A red cylinder (14 cm in height, 6 mm in diameter) was adhered vertically in the middle of the food box (the cylinder did not disturb retrieval of food on the box because of its small surface), so as to be visible in the centre of the enclosure even when the food box was buried under the sawdust.
Behavioural procedure
Following recovery from surgery, starting from day 8, chicks were trained daily for 6 days (on days 8, 9, 10, 11, 14 and 15) and were tested on day 16. They were deprived of food overnight before starting each daily session of training. Each training session consisted of six series of six trials. At the beginning of each series, the baited food box was placed in the central position of the enclosure floor. The chick was introduced into the enclosure at one of the corners; it was allowed to reach the box and eat some food for 5 s. After that, the chick was removed from the enclosure and confined in a small closed cardboard box (10 cm Â 15 cm Â 10 cm), which was slowly turned on a rotating chair to avoid subsequent usage of inertial or compass information. The corner from which the chick entered the enclosure varied randomly from trial to trial, and so did the position of the experimenter with respect to the enclosure when reintroducing the animal. During the intertrial interval (30 s), when the animal was removed from the enclosure, the food box was buried a few millimetres beneath the sawdust. This procedure was repeated for the next five trials, until the box was completely buried and invisible to the animal in the sixth trial of a series. After disappearance of the box, chicks exhibited a ground-scratching search behaviour. A ground-scratching response can be defined as a bout of temporally grouped movements of one foot aimed at removing the substrate. They take place in a rapid sequence, in a restricted area underneath the chicks' body (see Tommasi & Vallortigara, 1999) .
At 16 days old, after one routine training session, performance of chicks in the training enclosure was assessed by video-recording their searching activity during a 4-min session. Before starting the videorecording, the food box was replaced with a Styrofoam support to which the landmark was adhered, and the sawdust mixed carefully, to avoid the possibility of olfactory orientation due to the presence of residual food. The video-camera was mounted above the enclosure and the image was displayed on a TV monitor with a superimposed Cartesian grid. Scratching bouts were recorded on the grid as sets of Cartesian (x, y) co-ordinates for subsequent analyses. After videorecording in the training enclosure, chicks were retrained (one series of six trials) in the presence of the food box to reinstate motivation and response accuracy.
Chicks were then divided into two groups, and each group received only one kind of test in the absence of food and with the following arrangement: chicks in the group 'Removal' (eight sham, seven bilateral-, seven left-and seven right-hippocampus-lesioned animals) were tested after removal of the landmark; chicks in the group 'Displacement' (seven sham, seven bilateral-, eight left-and eight right-hippocampus-lesioned animals) were tested after the landmark (on the Styrofoam support) had been displaced diagonally 10 cm from one of the corners (randomly assigned to each chick). For both groups, the test was video-recorded for 4 min.
Data analyses
Data collected from video-recordings were represented graphically to show the spatial components associated with the search activity. The surface of the enclosure was subdivided into equivalent square cells (side 15 cm). The proportion of scratching bouts by each animal (relative to the total number of bouts by that animal) was calculated for each cell. The mean proportion of search was then obtained for each cell and the corresponding spatial distribution of these mean values was represented graphically as a grey-level contour plot interpolating values between cells (Statistica 1 software, StatSoft, Tulsa, OK, USA), where the white colour was assigned to zero and the black colour to the peak mean value. The peak(s) of search activity of the animals may thus be immediately located in the graphs by direct estimation of darkness of the contour gradient.
Moreover, peak location and dispersion of ground-scratching for each bird were computed by averaging Cartesian co-ordinates of scratching bouts and calculating the associate SEMs.
For chicks in the group 'Displacement', the representations of the enclosure for the different chicks were rotated in order to make the corner with the landmark coincide for the different animals.
Finally, the mean of the absolute distances from the centre for all scratching bouts was calculated for each animal; these values were used as individual data entering analysis of variance to compare the different conditions.
Results
Histological examination (Fig. 2) revealed that both the left-and rightlesion groups sustained exclusively unilateral damage, with substantial damage to both the hippocampus and parahippocampus subdivisions. There was no evidence of systematic differences in the extent of damage in the left and right hippocampus.
All chicks were trained successfully to search for the food in the central location of the enclosure (Fig. 3) . A difference emerged, however, in the learning curves when comparing the average number of successful trials scored each training day in the four groups (Fig. 4A ). An analysis of variance with Groups as a between factor and Day as a within factor revealed a main effect of Groups (F 3,56 ¼ 4.2; P < 0.01) and no effect of the interaction Groups Â Day (F 3,280 ¼ 0.84; not significant). Post-hoc comparisons (least significant difference test; P < 0.05) revealed a significant difference in learning rate between the control group and both the bilaterally lesioned group and the right-hippocampal-lesioned group. However, a comparison of the mean distance from the centre of the individual responses in the assessment of training performance on day 16 (Fig. 4B) showed no differences in precision of search for the four groups (F 3,55 ¼ 1.19; not significant). Thus, chicks could learn the task even with a lesioned hippocampus, though at a slower rate with respect to controls. However, results of tests suggest that lesioned chicks encoded different aspects of the training situations.
Overall performance during the Removal test is shown in Fig. 5 . Sham-operated control chicks searched in the centre. Chicks with bilateral lesions searched randomly in the enclosure. Chicks with lesions of the right hippocampus behaved similarly to chicks with bilateral lesions, whereas those with lesions of the left hippocampus resembled control animals.
Overall performance during the Displacement test is shown in Fig. 6 . Sham-operated control chicks searched in the geometric centre and ignored the position signalled by the landmark. In contrast, chicks with bilateral and unilateral lesions searched in the new location of the landmark. Chicks with lesions of the left hippocampus, however, displayed less clear results (see below for quantitative analysis).
A more detailed analysis of the results of the two tests is shown in Fig. 7 . The mean distances from the centre associated with individual search responses were calculated for the four groups and compared by means of an analysis of variance, using Test (Removal and Displacement) and Lesion (sham, bilateral lesion, left-side lesion and right-side lesion) as between-subject factors. The ANOVA revealed significant main effects of Test (F 1,51 ¼ 29.22; P < 0.0001) and Lesion (F 3,51 ¼ 21.44; P < 0.0001). The interaction Test Â Lesion did not reach significance (F 3,51 ¼ 2.27; P ¼ 0.091). The effect of Test can be explained by the difference in the set up of the two testing arrangements, with the Displacement condition inducing a unidirectional spatial shift of responses towards the displaced landmark, a priori not to be expected in the Removal condition. The effect of Lesion demonstrated that chicks searched at different distances depending on the presence and side of the hippocampal lesion. An ANOVA limited to the Removal test confirmed the main effect of Lesion (F 3,28 ¼ 6.26; P < 0.01), and post-hoc comparisons among groups (least significant difference test; P < 0.05) showed that the control group differed significantly from the bilateral-and the rightlesion groups, but not from the left-lesion group. In turn, the bilaterallesion group differed significantly from the left-lesion group, but not from the right-lesion group. Finally, the two unilateral-lesion groups did differ significantly. Such a pattern of results makes it possible to conclude that the effect obtained by bilateral lesions was similar to that obtained by lesions to the right hippocampus only; lesions to the left hippocampus, in contrast, appeared to be completely ineffective.
An ANOVA restricted to the Displacement test condition confirmed the effect of the lesion (F 3,27 ¼ 19.18; P < 0.0001), and the post-hoc comparison (least significant difference test; P < 0.05) showed that the search distance of the control group differed significantly from that of all other groups (a similar result was obtained considering distances from the displaced landmark rather than from the centre of the enclosure, ANOVA: F 3,27 ¼ 25.85; P < 0.0001). On the other hand, the bilateral-lesion group differed from the left-lesion group, but not from the right-lesion group. Finally, the two unilateral-lesion groups differed significantly. Despite not being immediately evident from a visual inspection of the contour plots ( Fig. 6B-D) , this pattern of results was similar to that in the Removal group: the distance from centre of chicks with bilateral lesions was similar to that of chicks with a right-side lesion only. The distance from centre of chicks with lesions of the left hippocampus was significantly shorter: it seemed as if chicks in this group were 'uncertain' about orienting using the geometry of the enclosure (as the control chicks did) or using the local landmark (as bilateral and rightlesioned chicks did).
Discussion
Results of the training show that chicks can learn to localize the central position in an enclosure even without the hippocampus. However, performance in the two tests revealed that hippocampal-lesioned chicks encoded somewhat different spatial information with respect to intact chicks. When tested after removal of the landmark, intact chicks maintained search in the centre (see also ; given that we know from other tests that they can orientate on the basis of local landmarks (e.g. Rashid & Andrew, 1989; Vallortigara et al., 1990; , this result suggests that parallel encoding of local (landmark) and global (centre of the enclosure) information occurs in intact chicks (note that evidence has been provided that relational information concerning distances from the walls of the test cage is used by chicks in this task, see . Chicks with bilateral lesions to the hippocampus searched completely at random when tested after removal of the landmark. Thus, it appears that encoding of global information occurs in the hippocampus or, at least, that the hippocampus is essential for such encoding even if it is not the actual site of the encoding itself. Chicks with lesions to the right hippocampus behaved like chicks with bilateral lesions, but chicks with lesions to the left hippocampus were completely unaffected: they searched in the centre as did intact control chicks. Thus, results of unilateral lesions suggest that encoding of global information actually occurs only in the right hippocampus. Is the left hippocampus more concerned with local information provided by the landmark? Results of the landmark displacement suggest a negative answer. When tested after landmark displacement towards a corner, intact control chicks ignored the landmark and searched in the centre of the enclosure. Chicks with bilateral lesions to the hippocampus, in contrast, searched near the landmark. This is fully consistent with the idea that chicks without a hippocampus lack any encoding of large-scale global information and use only the residual information available provided by the landmark. On the other hand, these data also show that the left hippocampus is not completely necessary to orientate on the basis of the local landmark. Consistent with the results of the removal test, chicks with lesions to the left hippocampus (and thus with an intact right hippocampus) showed some memory of the central position of the enclosure, whereas chicks with lesions to the right hippocampus were more similar to those lesioned bilaterally in searching mostly near the landmark. The reason why the asymmetry is less pronounced with the displacement test than with the removal test is clearly due to the fact that hippocampal lesions do not affect orientation based on the landmark. The main source of the asymmetry is thus in the encoding of global spatial information, revealing itself most strongly when only one source of information (the global one) is available (i.e. in the removal test).
It is interesting to compare this pattern of results with those observed in other bird species. Although not specifically involving the hippocampal formation, some studies in pigeons revealed lateralization of function in working (Prior & Güntürkün, 2001 ) and reference (Prior et al., 2002) memory tasks with parallel encoding of position-specific and object-specific cues. Tests with monocular animals have revealed that the left hemisphere shows dominance in attending to objectspecific cues, whereas both the left and right hemispheres participate in attending to position-specific cues. In food-storing birds, in contrast, the pattern of results is more similar to that exhibited by chicks, with the right hemisphere mainly attending to spatial cues and the left hemisphere mainly attending to object cues (Clayton & Krebs, 1994) . However, even in this study, intact, monocular-tested animals were used, so that the specific contribution of the hippocampus and other brain regions to the lateralization is unknown. This is the first study to report that the hippocampal formation does contribute significantly to spatial cognition in chicks. Most of the neurobiological research in chicks has been orientated on passiveavoidance learning (PAL) and imprinting (Horn, 1998) , and the associated regions in the brain [such as intermediate-medial hyperstriatum ventrale (IMHV) and lobus paraolfactorius (LPO); e.g. Yanagihara et al., 2001] . There is only one other study involving lesioning of the hippocampus in the chick, and that was devoted to investigate its effects on passive avoidance learning. Sandi et al. (1992) reported that after pretraining, bilateral-and unilateral left-, but not right-, hippocampal-lesioned chicks showed a decrease of retention of the passiveavoidance response to a coloured bead evaluated 3 h post-training. No obvious spatial components were present in the passive-avoidance task, and the lateralization observed was thus likely to be associated with the encoding of the visual aspect of the bead.
There is no evidence at present that chicks have place cells in the hippocampus similar to those found in the rodents' hippocampus, but indirect evidence for their existence has been obtained by Nicol et al. (1998) , who found neurons in the chick's hippocampus that responded selectively to imprinted objects depending on the stimulus distance. Being sensitive to subject-imprinting object distance, these neurons appear to be sensitive to 'where' a stimulus is. It is tempting to speculate that differences in the relative proportions of neurons responding to spatial and object properties of the stimuli in the left and right hippocampus can be associated with the findings reported here.
